The polymetal (Zn, Pb, Fe, Ca, Mg, Cd, Ba, Ni, Ti, and SiO 2 ) complex Umm-Gheig carbonate ore is subjected to sintering treatment at 573, 773, 973 and 1273 K respectively for four hours. Chemical, spectral, X-ray and differential thermal analyses are applied for the native ore as well as for the samples preheated and sintered. The current versus applied DC voltage ( − − ) characteristics, bulk density ( b ), percent shrinkage (% ), activation energy ( a ) and energy gap ( g ) are established for the sintered ore. The electrical conductivity ( ), thermal conductivity ( ) and thermoelectric power coefficient ( ) have been investigated as a function of applied temperature for the sintered ore materials. The electrical conduction is mainly achieved by free electrons near or in conduction band or n-type. As the sintering temperature ( s ) increases the conduction of the ore is also increased due to the recombination process taking place between the electrons and holes. Electrons hopping between Fe 2+ and Fe 3+ are the main charge carriers. The formation of Fe 3 O 4 at high sintering temperature acts as an active mineralizer, thus inducing an increased degree of crystallinity and a more ordered crystal structure is produced.
Introduction
The polymetal deposits of the Red Sea ore belt (a zone extending NW-SE for a distance of 130 km) represent a complex morphogenetic type of mineralization [1] . The chief minerals are hydrozincite, zinc blende, smithsonite, and cerussite, while silica and carbonates constitute the bulk of the gangue. The investigated sample contains 30.7% Zn, 7.99% Pb, 5.05% Fe, and 6.58% SiO 2 . The minerals present in the complex ore are often so closely intergrown that either it is difficult to obtain suitable high-grade concentrates at high recoveries [2] by physical methods, or the recovery of metals from the respective concentrates is poor. Madkour and others [3] [4] [5] [6] [7] [8] investigated experimentally the thermochemistry of the complex ores roasting, giving some theoretical thermodynamic calculations, for the recovery of metal value. It is possible to control the calcine composition by controlling the temperature and air-solid, an important step for understanding the properties and conduction mechanism of ZnO [9] [10] [11] . The solid state sintering represents a classical method for obtaining of materials with wide application possibilities, as microwave materials [12] , ferrite materials [13] , and others. In this sense, the aim of the present work is to investigate the electrical and thermal properties of the natural polymetal complex ore with a series of sintering temperatures: 573, 773, 973, and 1273 K, respectively, as well as to directly examine the semiconductivity behaviour of the material, obtained by solid state sintering that may have thermotechnological applications.
Materials and Methods

Sampling.
Mineralized horizon ore (500 kg) was crushed to 100% minus 1.0 mm. The ore samples are finally mixed in an agate mortar to ensure homogeneous distribution. Discs of 1.1 cm diameter and 0.15 cm thickness were pressed at about 500 kg/cm 2 in a steel die using hydraulic press. The pressed discs were then sintered at 573, 773, 973, and 1273 K, respectively, for four hours under atmospheric pressure. The discs were polished and coated on both flat surfaces with graphite paste for electrical measurements.
Chemical Analysis.
Analysis [14] of the ore sample was carried out at the Egyptian Geological Survey and Mining Authority.
Thermal Analysis.
Analysis for the native ore sample was carried out by means of a MOM derivatograph with -Al 2 O 3 as reference. The powdered ore sample was heated at the rate of 10 ∘ C/min up to 1000 ∘ C (constant sensitivities: DTA, 1/10, TG; 200 and DTG, 1/15). Differential thermal analysis (DTA) of the investigated sintered ore sample was carried out using a Schimadzu XD-3-thermal analyzer.
X-Ray Analysis.
The X-ray powder diffraction pattern was obtained using Cuk radiation and a nickel filter. A Phillips X-ray PW 1729, diffractometer has been used in the range 2 = 12-80.
Infrared Spectra.
The infrared spectra (KBr discs) were recorded on a Perkin-Elmer 1430 Ratio Recording spectrophotometer and a Perkin-Elmer 683 spectrophotometer.
Electrical Measurements.
The -characteristic measurements were obtained with a digital multimeter type KIETHLEY 130 A, as a voltmeter and as milliamperemeter. The digital thermometer was used to measure the temperature with an accuracy of ±0.1 ∘ C. The essential electric circuit is shown in Figure 1 . The apparatus used for the thermal measurements [15] is shown in Figure 2 . It consists of a sample holder held on three iron rods. The sample holder consists of a stainless steel bar which is fixed in the central axis of tubular stainless steel furnace working with a heater. The central steel bar, copper leads thermocouple wires, and heater connections are insulated from the holder base plate by a ceramic disc. Various wires and thermocouples are connected to the outside by means of copper leads through Teflon tubes. The sample S is slightly pressed by means of a small load placed on its top just to maintain good contact between the sample surfaces and the two copper electrodes. A metal jacket cooled with water through a copper coil placed around it rests on an annular vacuum rubber ring fixed to the base plate. The degree of vacuum was 10 −3 mm Hg, and the heat leak due to convection was practically negligible. The thermal conductivity ( ) was measured at different temperatures ∘ C). This was achieved by controlling the furnace heater to maintain constant temperature at the lower surface of the sample and then the temperature gradient was measured. Figure 3 (a) displays the differential thermal analysis (DTA), thermogravimetry (TG), and derivative thermogravimetry (DTG) of the native ore sample. The arrangement of minerals [16, 17] according to their abundance is as follows: hydrozincite [Zn 5 (CO 3 ) 2 (OH) 6 ]; zinc blende (ZnS); smithsonite (ZnCO 3 ), and cerussite (PbCO 3 ). The total loss on ignition in weight percent at 1100 ∘ C is 28.22%. It can be seen that the native ore sample displays two endothermic peaks at 280 ∘ C and 370 ∘ C, respectively. This is assigned to loss of humidity water content or physically combined water. Further temperature rise displays a whole 
Results and Discussion
Thermal Analysis.
Temperature ( ∘ C) intense broad exothermic hump covering the temperature range 400-550 ∘ C peaking at 500 ∘ C for the strongest one. This is due to collective phase changes [16] corresponding to the following reactions: ∘ C peaking at 690 ∘ C for the strongest one corresponds to the decomposition of the original present metal carbonates and sulphates into the corresponding oxides.
Differential thermal analysis for the ore samples preheated and sintered at temperatures 573, 773, 973, and 1273 K, respectively, for hours is shown in Figure 3 
Effect of Sintering Temperature on the Bulk Density ( ) and Shrinkage (%S).
The measured diameter of the sintered ore discs is decreased as the sintering temperature increases; therefore the percent shrinkage (%S) of the sintered ore samples is consequently increased with increasing the sintering temperature ( Figure 6 ). The bulk density ( b ) is also measured for the different sintered ore discs and the data is plotted as a function of the sintering temperature ( s ) as represented in Figure 6 . The results show that the bulk density as well as the percentage shrinkage increased gradually with increasing sintering temperature in the temperature range 573-1273 K. This behaviour may be due to the more diffusive [21] process occurring at high sintering temperature, leading to porosity reduction. As a result of this contraction, the crystal structure becomes compacted and rigid at high sintering temperature. The observed small values of ( b ) and (%S) at lower sintering temperatures can be attributed to the limited rearrangement of the crystal lattice structure through the movement of grain boundaries [22] .
Temperature Dependence of Electrical Properties.
The -characteristics have been measured on the sintered ore samples at the different sintering temperatures studied, ranging from 573 to 1273 K, as shown in Figure 7 . From this figure we can see that the versus plots are, on the whole, straight lines at all different sintering temperatures. The plot is converted also to log versus log , as represented in Figure 8 . It is evident from this figure that at the applied DC voltages an ohmic relationship ( = 1) is obtained for all sintered samples with the exception of the ore sample sintered at 773 K. This behaviour is called the current ohmic range. But for the case of the sintered sample at 773 K, the nonohmic relation, ≡ , holds well. The parameter which essentially defines the nonohmic nature of the material equals 1.52 and 1.95 for the lower and upper branches lines, respectively. The nonohmic region ( > 1) in the -curves arises due to the space-charge effects and is termed as the space-chargelimited current (SCLC) region. These observations show that the -characteristics provide the best understanding of the conduction mechanism in the ore samples. The tested ore material may be considered to be composed of layers with different conductivities and thicknesses in series with each other. The well-conducting grains, having thickness 1 , conductivity 1 , and permittivity 1 , are separated by a thin layer of poorly conducting grain boundaries (GB) having a thickness 2 , a conductivity 2 , and a permittivity 2 . It is reasonable to assume that 1 ≫ 2 . If 1 and 2 are the DC voltage drops across the grain and the GB, respectively, then = 1 + 2 is the externally applied DC voltage. The voltage drop will take place mainly across the grain boundary (i.e., ≅ 2 ). If the current ( Ω 1 ) through the grain is only ohmic and the current through the GB is ohmic ( Ω 2 ) as well as space-charge-limited ( scl ), the total current ( ) is then = Ω 1 + Ω 2 + . The total current in the ore solid can be approximated as Ω 2 ≪ scl ≅ . Thus, the -characteristic in the nonohmic region is given by scl ≡ 2 . The space-chargelimited current is determined mainly by the number of free charge carriers available in the grain-boundary layers. At the applied DC voltages on the ore samples, that is, before the nonohmic region (at 773 K sintered ore sample), the current is purely ohmic ( = 1). In this region the total current through the ore solid is scl ≪ Ω 2 ≅ , and hence an ohmic relation holds. According to this theory [23] , the -curves consist of three parts: (i) low-current ohmic range, for the sintered ore at 1273 K ( = 0.93),
(ii) SCLC range or the nonohmic range, for the sintered ore at 773 K ( 1 = 1.52, = 1.95), where 1 and represent the values of at lower and upper line inflection (Figure 7 ), respectively.
(iii) high-current ohmic range for the sintered ore at 573 K ( = 1).
The broken line of -characteristic for the tested sintered ore sample at 773 K shows that the critical voltage ( c ) at which the line is broken equals 15 volts. The dependence of the electrical resistivity of the sintered ore samples on the applied sintering temperature is given in Table 2 . The obtained data indicates that the resistivity of the sintered ore samples decreases as the sintering temperature increases for the samples. Electrical conductivity versus temperature characteristics (ln −1/ ) of all the investigated samples were measured and represented in Figure 9 . From the typical log versus 1/ characteristics, as shown in Figure 9 , it is seen that the sintered ore samples had a good semiconductivity behaviour with increasing applied temperature, from 430-550 K according to a Boltzmann distribution [24] :
The parameter , which is given by the intercept of the line at 1/ = 0, is called the preexponential factor or the frequency factor, is the Boltzmann constant, and is the absolute temperature. However, it is worth anticipating the interpretation of the activation energy ( a ) for the electric conduction in eV, which is achieved by rewriting the above equation as
There we shall see that the activation energy ( a ) represents the minimum energy necessary for a molecule to have in the sample to react. a is calculated from the slope of the straight line of this plot ( Figure 9) . The values of activation energy ( a ) are plotted as a function of the sintering temperature ( s ), as shown in Figure 10 . The experimental results in Figures 9 and 10 indicate that the electrical conductivity increases and, consequently, the activation energies are decreased with increasing sintering temperature. The obtained data of either electrical conductivity (Figure 9 ) or activation energy (Figure 10 ) are in good agreement with those obtained from previous studies of the resistivity values, as given in Table 2 . Also, the results obtained are in good agreement with other works [25] and can be explained on the basis that the propagation of lattice imperfection decreases while a more ordered crystal structure is produced.
Thus, all the investigated sintered ore samples have semiconductivity properties. Generally, in a semiconductor material the outer electrons or valence electrons are normally stable, that is, bound to their atoms and are not free to move. But when heat is applied or an impurity (a doping element) that serves to raise energy is incorporated, the application of a voltage will cause displacement of valence electrons in the material, that is, turn them into charge carriers. So, an electric current in a sintered ore semiconductor may be induced and varied over a wide range of sintering temperature only under the action of an external influence, such as heat and doping. The higher the temperature, the greater the number of free electrons and the higher the conductive current in the semiconductor. Thus, electrical conduction [26] in all semiconductors is mainly by free electrons near or in conduction band (n-type). Since the electrons that participate in conduction are the semiconductor's own electrons, its conduction is called intrinsic. The atoms that lost their electrons turn into positive-charge ions bound and unable to move. The vacancy left by the electron in the outer ring of the atom is called a hole. An electron set free from the neighboring atom may fill the vacancy by moving to the hole and leaving instead a hole in its atom thereby turning it into a positively charged ion. The application of an electric current to a semiconductor will cause electrons to move from atom to atom in one direction and leave holes in the opposite direction. The hole is generally regarded as a positive particle equal in charge to the electron. The seeming movement of holes in the direction opposite to that of electrons is called hole current. The electric conduction in the semiconductor, conditioned by this current, hole or p-type conduction. The movement of electrons in one direction and of holes in the opposite direction determines the intrinsic electrical conduction in a semiconductor because the charge carriers (electrons and holes) belong to the semiconductor's own atoms. In this case, the conduction current consists of the electron e and hole h current components, that is, = e + h .
With intrinsic conduction, concentration of electrons ( e ) and of holes ( h ) is equal. However, e > h because the mobility of electrons is higher than that of holes. The mobility of a charge carrier is represented by the ratio of the velocity of an electron (V e ) or of a hole (V h ) to the electric field strength ( ) in the semiconductor. Hence, the electron mobility can be represented by e = V e / and hole mobility by h = V h / .
In that way, mobility indicates the distance the electron or the hole covers per second in a field of strength = 1 V/cm.
Considering the aforementioned, expressions for the electron and the hole current components may be written as [26] e = e eV e = e e e ,
where e is the charge of electron or hole and is the electric field strength.
The conduction current in a semiconductor is = e + h = e e V e + h eV h = e e e + h e h .
With intrinsic conduction, concentration of electrons is equal to that of holes in semiconductor, that is,
In a pure (intrinsic) semiconductor impurities constitute not more than 10 −11 %. The investigated natural Umm-Gheig sintered ore containing the iron atoms as impurities of a valency higher than the semiconductor's material tends to give electrons thereby increasing the electron density. They play the role of donors. Thus, the atoms of iron impurities present originally in the native ore can modify its electrical properties. For example, to obtain a semiconductor that will exhibit n-type conduction. This leads to the formation of some Fe 2+ ions from Fe 3+ ions. The polarization of the ferrite is determined by local displacement [23] of electrons in the direction of an applied electric field, which is due to the electron exchange interaction
The energy gap ( g ) which is defined as the energy required for separating the highest-filled or valence band (V.B) from the conduction band (C.B) is equal to twice [27] the activation energy value, that is, g = 2 a .
The values of a and g for the investigated semiconductor sintered ore samples are calculated and given in Table 3 as follows. 
Temperature Dependence of Thermal Conductivity (K).
The coefficient of thermal conductivity of the sintered ore samples was estimated using the formula
where is the quantity of heat per unit time transferred through the sample of thickness and is the Joule's coefficient. The parameters , , / , and are the current (in amperes), voltage across the heater (in volts), temperature gradient in (degree/m), and sample area (in m 2 ), respectively.
The heat transport through lattice vibrations (phonons) is mainly important for insulators and semiconductors. The thermal conductivity of the sintered ore sample crystals has contributions from two components [28] , lattice vibration (phonons) and the carriers (electrons)
If we consider the heat conduction by electron carriers due to the presence of Fe 2+ and Fe 3+ impurities, the temperature gradient will cause a carrier concentration gradient, which results in a diffusion current which transports heat energy. At temperatures lower than the Debye temperature, the inelastic scattering processes become important, thus strongly affecting the thermal conductivity. In this range there is a sharp drop in phonon concentration with rising temperatures leading to a sharp increase in , which becomes proportional to 3 . But at temperatures higher than the Debye temperature, the scattering processes must be responsible for the thermal resistance and the elastic scattering is dominant since the phonon contribution to the thermal conductivity is relatively small compared with the electron contribution.
The measured thermal conductivity is approximately equal to the contribution from electrons. In this range is inversely proportional to the temperature ( ≡ −1 ). The temperature dependence of for the investigated sintered ore samples is shown in Figure 11 . A sharp rising of thermal conductivity with rising temperature can be observed up to the transition temperature. The concentration of phonons decreases with rising temperature leading to a consequent decrease in lattice vibrations. This decrease of lattice vibration diminishes lattice scattering causing an increase in the mean free path which would result in an increase in .
Thus, the thermal conductivity ( ) increases at low temperature due to the increase of modes of vibration of the crystal lattice and is responsible for conduction of phonons up to the Debye temperature. Above the transition temperature, or Debye temperature, the concentration of phonons increases with rising temperature leading to lattice scattering causing a decrease in the mean free path which would result in a decrease of . As shown in Figure 11 , the values of thermal conductivity ( ) increase as the sintering temperature of the tested sintered ore samples is also increased. As the sintering temperature increases the material becomes more dense and the pores decrease. The pores act as scattering centers of phonons, so the decreasing of pores causes the observed increasing of the thermal conduction ( ). The maximum values of thermal conductivity of the tested ore samples sintered at 573, 773, and 973 K were as follows: 180, 210, and 390 K (W/m ⋅ deg) × 10 −3 , respectively, as shown in Figure 11 . The results obtained from thermal conductivity ( ) measurements are in a good agreement with those obtained from the previous electrical conductivity ( ) studies.
The thermoelectric power coefficient ( ) was measured experimentally for the investigated sintered ore samples as a function of temperature. The measured had negative values, demonstrating that the main charge carriers are electrons hopping between Fe 2+ and Fe 3+ ions which were originally present in the material as impurities (called dopants). Dopant or doping Fe whose atoms tend to give electrons to the semiconductor, thereby increasing the electron density, is called donor. Iron impurities modify the electrical and thermal properties to obtain a semiconductor that will exhibit n-type conduction. It is clear that the electrons constituting the iron impurity conduction are the chief charge carriers in the investigated semiconductor sintered ore material.
Finally, the conduction current in the investigated semiconductor sintered ore samples is the sum of electronic and hole currents, but electronic current is ten times that of hole current.
Efficient solar conversion requires materials with band gaps [29] of 1.3 ± 0.3 eV, that is, absorption of light in the spectral range of 250-1000 nm. Considerable attention has been given in recent years to the application [30, 31] of semiconductor colloids, powders, and films for conversion of solar energy into electricity and chemical energy. The concentration of current carriers and hence semiconductivity increases with increasing temperature according to the Boltzmann distribution [24] . Thus, the obtained experimental energy gap values ( g ) of the sintered ore samples under consideration, as shown in Table 3 , are suitable and optimum for using the tested natural sintered ore material as a highly absorbing semiconductor in photoelectrochemical systems and thermotechnological applications, as suggested by the following techniques:
(1) nitrogen reduction to ammonia by photosensitized [32] electron transfer from dispersed ore oxides (Fe 2 O 3 , PbO 2 , ZnO) doped TiO 2 semiconductor particles;
(2) semiconductors in water [33] treatment; (3) colloidal semiconductors in photovoltaic [27, 34] systems. As known from the Schottky barrier theory, the low bias potential region might be controlled by recombination and trapping of electrons in the depletion region [35] . These processes occur most effectively in localized states energetically centered in the midgap position leading to a recombination current proportional to [exp(qV/2kT) − 1] [36, 37]; (4) it is often necessary that semiconductor materials are exclusively of n-or p-type for many industrial applications, for example, for semiconductor-based rectifiers to rectify alternating current into pulsating direct current. Thus, a system of two semiconductors with different types of electric conduction resists reverse current flow. This property is highly valued for semiconductor rectifiers. Fusing together the two types forms a p-n junction that has the property of rectifying alternating current. If we apply an AC voltage to such a system of two semiconductors, the pn junction will pass the current of only one half cycle of voltage. In crystal diodes, the p-n junction is used chiefly for rectifiers applications;
(5) thermoelectric generation is essentially the same as the energy conversion and heat pumping (when a semiconductor material is used thermoelectrically as a heat pump) with p-type and n-type materials;
(6) partial illumination of a semiconductor induces a photo emf between the illuminated and unilluminated areas of the material surface. This phenomenon is used for making sources of electric power, such as photovoltaic cells and solar batteries and semiconductor devices capable of solar-to-electric energy conversion.
Conclusions
The obtained results of electron microscopic investigation for either the native ore or the ore after sintering treatment confirmed by metal value data given in the A.S.T.M. cards coincide well with those given by chemical analysis.
From the observations of -characteristics, in versus 1/ and versus behaviours of the investigated natural sintered ore samples, we can summarize the following conclusions.
(1) The sintered ore material had good semiconductivity behaviour with increasing temperature.
(2) The semiconductor sintered ore exhibits n-type conduction.
(3) Both values of a and g in eV decrease with increasing the applied sintering temperatures from 573 to 1273 K. Consequently, the electrical conductivity ( ) increases in the same range of the studied sintering temperatures.
(4) The thermal phonon scattering and lattice vibration scattering are responsible for the thermal conductivity ( ) and the behaviour of the material at changing temperatures.
(5) The above measurements, from electrical, thermal, and semiconductivity behavior of the investigated material, obtained by solid state sintering, may have thermotechnological industrial applications.
